. It 1s known that the gene for 5.8S rRNA lies within the transcribed spacer that separates the 18S from the 28S rRNA in the rDNA repeating unit In all cases examined thus far (3-11). It 1s well established that the rRNA 1s transcribed as a long precursor molecule which 1s processed to mature 18S, 5.8S and 28S rRNA species by a series of specific endonucleolytic cleavages
INTRODUCTION
The large subunit of eucaryotic Mbosomes contains one RNA molecule of approximately 28S, one 5S molecule of 120 nucleotides, and one 5.8S molecule approximately 160 nucleotides long which 1s base-paired with the 28S rRNA. Several 5.8S molecules from different species have been sequenced (1-3). It 1s known that the gene for 5.8S rRNA lies within the transcribed spacer that separates the 18S from the 28S rRNA in the rDNA repeating unit In all cases examined thus far (3-11). It 1s well established that the rRNA 1s transcribed as a long precursor molecule which 1s processed to mature 18S, 5.8S and 28S rRNA species by a series of specific endonucleolytic cleavages (for reviews, see 12, 13) . Processing Involves re-Hgat1on of RNA fragments 1n many cases studied and may be a general phenomenon 1n eukaryotes.
Orosophila melanogaster ribosomes appear to be different than other eukaryotic ribosomes. Instead of having a 5.8S molecule of approximately 160 nucleotides they have two shorter RNAs associated with the large ribosomal subunit. One 1s 30 nucleotides long and 1s named 2S rRNA (14, 15) . The other 1s approximately 120 nucleotides long and co-migrates with 5S rRNA on polyacrylamide gels. We refer to this molecule as mature 5.8S rRNA (m5.8S rRNA) based on evidence presented 1n this paper.
We report here the nucleotide sequences of m5.8S and 2S rRNAs. The secondary structure of these molecules 1s also studied using partial SI nuclease digestion of the end-labeled RNAs and Identification of the exposed nucleotides on sequencing gels (16, 17) . It 1s found that 2S 1s homologous to the 3' part of 5.8S rRNAs from other species and that 1t forms a complex with i7i5.8S to produce a molecule equivalent 1n structure to the other 5.8S rRNAs. DNA sequencing of the m5.8S-2S region agrees with this Interpretation and reveals that there 1s a 28 nucleotide long spacer between the coding sequences for the m5.8S and 2S rRNAs. It 1s likely that this spacer 1s transcribed and subsequently removed during rRNA maturation (18) . In an effort to Identify structural features that may be recognized by processing enzymes, the secondary structure of the processing site at which the transcribed spacer 1s excised has been determined.
MATERIALS AND METHODS
Enzymes. Calf Intestine alkaline phosphatase (Boehr1nger-Mannhe1m) was further purified both by Sephadex G-75 chromatography and treatment with diethyl pyrocarbonate (Sigma) as described (19) . T4 polynucleotide kinase (Boehringer Mannheim), Tl (Sankyo), U2 (R-Plus), PI (P-L Biochemicals) and Pancreatic (WorthIngton) ribonucleases were used without further purification. Physarum nuclease, purified according to P11 ly _et _ _al_. (20) was a gift of H. Donis-Keller. B_. cereus pyr1m1d1ne specific ribonuclease, purified as described (21) , was a gift of J. Heckman. SI nuclease was purified from -amylase powder (Sigma) according to Rushizky ^t al_. (22) with modifications. The DEAE cellulose chromatography was repeated after the CM cellulose step. This enzyme preparation was free of contaminating RNase Tl and T2 activities by two criteria: 1t generated only 3'-0H nucleotides under the partial conditions used, and after destroying the SI, no Tl or T2 nuclease activity was detectable. SI was stored in 50 mH NaOAc pH 5.0, 0.2M NaCl, l mM ZnSO.. This preparation of SI has no detectable loss of activity after two years either at -20°C 1n storage buffer plus 50? glycerol, or at 4°C over a drop of chloroform. T4 RNA ligase was a gift of N. Pace. Calf thymus terminal transferase, EcoRI and PstI were obtained from BoehMnger Mannheim. Xmal was a gift of D. Glover.
Purification of m5.8S and 2S rRNA. Total ProsophUa melanogaster (strain Oregon R) RNA from adults and larvae was prepared by phenol-chloroform extraction or, alternatively, by guanidinium chloride extraction (see below). The 26S-m5.8S-2S complex was separated from small molecular weight and 18S RNAs by centrifugation on 15X-3OJ sucrose gradients 1n NET buffer (0.1M NaCl, 50 mM Tris HC1 pH 7.4, l mM EDTA) run at 70,000 x g for 24 hours. The complex was heat-denatured and run again on a 5% -20X sucrose gradient to separate 2S and m5.8S from the two pieces of 26 RNA. The fractions of the gradient containing 2S and m5.8S were ethanol precipitated and run on a preparative 8% polyacrylam1de-8.3M urea gel (6mm thick), to separate these two molecules.
Polysomal RNA was purified by salt precipitation of the polysomes, phenol or guanidinium chloride extraction, and subsequent sucrose gradient and gel fractionation as above. Alternatively, the guan1d1n1um chloride extracted RNA was purified by preparative gel electrophoresis on an 8% gel. 5S rRNA and tRNA are not precipitated by the guanidinium chloride procedure. This expedites the purification of m5.8S RNA which co-migrates with 5S RNA on polyacrylamide gels (15) . Uniformly labeled rRNA was obtained by 1n vivo labeling of the j).
melanogaster KCO cell line and was purified as described (15) . The resultant pellet was extracted three times with 0.15 M NaCl and the supernatants were combined, the salt concentration was adjusted to 0.3M with 3M NaOAc, pH 5.5, and the RNA was precipitated with 3 volumes of ethanol.
5' End-labeling. RNA was dephosphorylated in 50mM Tris-HCI, pH 8.3 with 0.01 mU/pmol alkaline phosphatase at 50°C for 30 min. Following dephosphorylation the RNA was extracted once with an equal volume of phenol-chloroform (1:1 v/v).
The phenol phase was back-extracted and the aqueous phases were combined and ether-extracted 4 times. Remaining ether was removed by evaporation and the RNA was precipitated with 3 volumes of ethanol. 50 to 100 pmols of dephosphorylated RNA were 5' end-labeled with 2 to 3 times molar excess of y-[ 32 P]-ATP (New England Nuclear, 2000 C1/mmol) 1n a 10 to 20 ul reaction containing 50 mM Tr1s-HCl pH 8.9, 10 mM MgCl 2> l OmM d1th1othre1tol, 5t glycerol at 37°C for 30 m1n. An equal volume of urea-dyes-EDTA solution (9H urea, 10 mM EDTA, 0.05S Xylene cyanol, 0.05% Bromophenol blue) was added to the reaction mixture and 1t was loaded on an 81 polyacrlam1de-8.3 M urea gel. Radioactive bands, detected by autoradiography, were excised and the RNA was eluted from the gel as described (16 T4 RNA Ugase was 2 to 3 units per 10 pi reaction, and ATP was added to 4 times molar excess over the RNA.
SI structure-mapping digestions. SI digestions were performed 1n 5 pi reactions containing 40 mM NaOAc pH 4.5, 10 mM ZnSO., 0.2 M Nad at enzyme to substrate -2 -1 ratios of 10 to 10 un1t/pg RNA. Samples were preincubated for at least 10 min at 37°C, digested with SI for 1 m1n to 5 min as Indicated, and the reactions were stopped with 5 pi SI stop solution (9 M urea, 10 mM EOTA, 0.5 pg/pl tRNA carrier, 0.05X XC and 0.05* BPB).
Sequencing digestions. Sequencing digestions were performed as described (16, 25) . Reactions were Incubated at 60°C and were stopped by freezing at -80°C. The reaction volume was 5 pi. J5. cereus pyr1m1d1ne-spec1f1c nuclease digestions were stopped by addition of an equal volume of urea and dyes solution (21) . The reactions were loaded on to thin (40 x 33 x .028 cm) 10$ to 20S polyacrylamide gels and electrophoresed as described (17 DNA preparation and transfer to nitrocellulose filters. Plasmid cDm238 constructed by dA-dT Ugation of randomly sheared £. melanogaster embryo ONA to plasmid Col El, was prepared as described (27) . DNA fragments were electrophoresed on 0.5 to 1.5J horizontal agarose gels, transferred to Schleicher and Schuell BA85 nitrocellulose (28) and hybridized with the probes 1n 5XSSC 50S formamide buffer.
DNA labeling and sequencing. Whole plasmid DNA was digested with PstI, phenol extracted and ethanol precipitated. The fragments were labeled with a-[ P]-ATP using terminal transferase 1n the presence of cobalt 1on as described (29) .
After ethanol precipitation, fragments were digested with Xmal or Haelll, separated on a preparative agarose gel and eluted by Incubation of the macerated gel slice with a phenol-0.2M Tr1s pH 8 (1:1 v/v) solution at 60°C for 2 hours.
DNA sequencing was performed as described by Maxam and Gilbert (30) , and the reaction products were electrophoresed on thin (0.4 mm) gels.
Computer predictions of secondary structure. Computer-generated predictions of secondary structure were obtained using a modified version of the program developed by P1pas and McMahon (31) based on the empirical rules of Tinoco et^ a]_ (32), run on an IBM 370 computer. The SI accessibility data were used to generate models of m5.8S, as discussed (17) .
RESULTS AND DISCUSSION
Purification of m5.8S and 2S rRNA
The purification of P labeled m5.8S and 2S RNAs on polyacrylamide gels 1s shown 1n Figure 1 . End-analysis of the labeled molecules was routinely performed using both PI and T1 nucleases for the 5' end-labeled molecules and with T2 and Tl Mbonucleases for the 3' end-labeled molecules, followed by either PEI chromatography (16) Nucleotide 74 Is 2'-0-r1bose methylated, resulting 1n a gap on the gels and cannot be Identified by the gel sequencing method. Levis and Penman (18) have shown that the m5.8S RNA of £. melanogaster contains only one methylated sequence, GmpC. Furthermore, all the sequenced 5.8S RNAs, except for the yeast species (1), have a 2'-0-methylated guanosine at the same position 1n the molecule. We conclude that the methylated nucleotide Is a G. This agrees with the DNA sequence (see below). The sequencing method used here cannot distinguish between uridine, pseudouridine and thymidine residues, therefore, other modified bases known to exist 1n other 5.8S RNAs, may be present. Comparisons are made of equivalent positions according to the alignment shown in Figure 10 .
1/2 to 1-1/2 bands faster than the corresponding sequencing reaction products. A computer model of the secondary structure of the m5.8S molecule, generated using the SI susceptibility data (17), 1s shown 1n Figure 6 . The model has many similarities to that proposed for the rat hepatoma 5.8S rRNA (34) . However, the GC rich hairpin which 1s the most stable structural characteristic of all the sequenced 5.8S molecules (1-3) 1s missing 1n m5.8S
rRNA. The 3'part of the molecule, which 1n mouse 5.8S is known to form a stable complex with 28S rRNA (26) , Is also missing. We present evidence that the missing part 1s the 2S RNA molecule. An alternative base-paired structure for the region A43-U60 but with less negative free energy can be shown between nucleotides C44-G48 and CS3-G57 leaving nucleotides C49-A52 in a hairpin loop.
This alternative structure agrees with the SI structure mapping data and aligns better with the position of the homologous hairpin 1n the other 5.8S molecules (see Figure 10 ). Figure 4 . The primary sequences of both 2S and m5.8S RNA obtained by rapid RNA sequencing and presented here are in complete agreement with the DNA sequence. This sequence corrects the previously published one (15) which was 1n error due primarily to the misinterpretation of pancreatic oligonucleotide P9. The 2S RNA sequence 1s between 451 and 61 % homologous to the 3' part of other 5.8S molecules (see Figure 10 and Table 1 ).
Structure mapping of 2S rRNA
Jordafi jrt a_l _. (15) attributed the failure to obtain partial digests of the 2S molecule to the lack of secondary structure. Computer predictions also suggest that the 2S RNA lacks stable secondary structure 1n solution. The most stable Interaction 1s between nucleotides 10-12 and 28-30 and the most stable Intermolecular Interaction among 2S molecules 1s within the complementary palindromic sequence 5'-CAUAUG-3' (nucleotides 12-17). Since these interactions are unstable, the 2S Is expected to be a single-stranded monomer 1n solution. Structure mapping of the 2S rRNA verifies the conclusion drawn from computer predictions. Figure 4 shows that SI cleaves all the phosphodiester bonds 1n the 2S molecule. The lack of stable secondary structure enabled us to use 2S RNA to study the specificity of SI nuclease under the partial conditions that are used 1n the structure-mapping experiments (16, 17) . SI nuclease appears to have preference for A and U over C and G. This pattern remains the same The data 1n Figure 5A demonstrate that m5.8S and 2S rRNA can hybridize to form a complex with a melting temperature greater than 50°C. This complex migrates on gels similarly to end-labeled rabbit 5.8S RNA. Figure 5B shows A.
B. Figure 11A and Includes nucleotides at the 3' end of m5.8S and at the 5' end of the 2S RNA. This complex 1s structurally equivalent to the other sequenced 5.8S RNA molecules, all of which have a GC rich hairpin helix at positions homologous to the postulated 5.8S-2S Intermolecular Interaction (1-3) . This arrangement strongly suggests that the 2S molecule Is the missing 3' part of the 5.8S molecule and that an additional processing event takes place 1n Drosophila 1n order to generate the 2S molecule. Several other facts presented below 1n addition to sequence homology and the formation of the complex agree with this Interpretation. Figure 5B shows that the Drosophila m5.8S rRNA can anneal Independently to the 26S molecule demonstrating that a region exists within the m5.8S RNA that 1s complementary to one 1n 26S. We propose that this region 1s the 5 1 part of the m5.8S RNA which does not form stable base-pa1r1ng within the m5.8S molecule.
Restriction map of piasmid cDm238 and localization of the rRNA coding regions. Digestion of plasmid cDm238 DNA with EcoRI gives two fragments, 12Kb and 8 Kb long respectively. The 12 Kb fragment hybridizes strongly with labeled rRNA but does not hybridize with either type 1 or type 2 Insertion DNA (36; data not shown). This suggests that cDm238 contains a complete 12 Kb repeating unit of rDNA, and that the 12Kb EcoRI fragment 1s generated by cleavage at the EcoRI site known to exist close to the 3' end of the 18S coding sequence (37) . Xmal has been previously shown to cleave ColEI only once (38) . The 18S and 26S coding sequences 1n £. meianogaster rDNA each contain a single Xmal site (39) . Double digestion with nucleases Xmal and PstI followed by blotting and hybridization allow the determination of the orientation of the m5.8S and 2S coding regions. PstI cleaves fragment XmaC once, producing fragments Cl and C2 ( figure 7, lane 3) . m5.8S hybridizes with both bands (lane 9). Therefore, the PstI site is within the m5.8S coding region, 1n agreement with the RNA 
5.8S rRNAs has been demonstrated (18).
These results strengthen the conclusion already drawn that the 2S molecule 1s the 3' part of the m5.8S and that 1n situ they form a "5.8S complex" similar 1n structure to other 5.8S rRNAs.
However, the difference between Drosophila and other eucaryotes 1s not simply an additional cleavage separating m5.8S and 2S, but a whole AT rich region which 1s removed during processing.
Another Interesting feature of the DNA sequence 1s the extremely AT rich spacers Immediately before and after the m5.8S and 2S coding sequences (see Figure 9 ). These sequences are limited, and a "normal" DNA sequence 1s Comparisons of the DNA sequences.
While the coding regions of the DNA are homologous to other species (see Figure 10 ), no homology can be detected within the sequenced portions of the spacers between Drosophila, JT crassa (3) and JL laevis (41) . The A-T content of the spacers also varies. In X^. laevis the spacers are G-C rich and 1t was proposed that they may base-pair before processing (41) . We favor the hypothesis that the 5.8S has similar structure 1n the precursor and that at least part of the processing signal lies 1n the sequence and/or structure of the mature molecule.
Sequence and structure homologies with other 5.8S rRNAs Sequence and structure homologies between Drosophila m5.8S and 2S rRNAs and 5.8S rRNAs from other species are shown in Figure 10 and 1n Table 1 The m5.8S and 2S rRNA nucleotide sequences and Drosophila rDNA sequence presented here, suggest an unusual RNA processing mechanism that 1s found only 1n Drosophila at the present time. The most probable secondary structure (obtained by computer modeling) of the presumptive 5.8S RNA precursor molecule 1s shown 1n Figure 12 . The spacer sequence 1s partially double-stranded and forms a hairpin loop. The nucleotides 1n the predicted loop form a palindrome -UUUAAUUAAUUU-. The helix at which the processing enzymatic cleavage takes place Includes the direct repeat -UGCUG-at positions 119-123 and 149-153. The role, 1f any, of the loop, helix and direct repeat 1n the processing step 1s unknown. However, 1t 1s suggested that the secondary structure due to the presence of these elements Is Important for the processing at this site. This model, which has the cleavage site in a double-stranded region, 1s similar to the "looped-out" model proposed by others (44, 45) for processing of primary transcripts of messenger RNA.
There may be similarities between the 5.8S processing site and one known to exist in the middle of the 26 rRNA precursor molecule 1n Drosophila. The Drosophila 26S rRNA 1s also split Into two pieces as it 1s 1n several other species (46) , and 100-150 nucleotides are specifically removed from the rRNA precursor, according to electron microscopic evidence (9, 47).
There 1s no 153 nucleotide 5.8S species detectable 1n Drosophila, therefore, no Ugation occurs following the excision step during the removal of the transcribed spacer. The possible 181 nucleotide long precursor has not been detected as yet. Absence of an Intact 160 nucleotide long 5.8S molecule from the Hbosomes of j). melanogaster suggests (but does not prove) that all the rDNA repeating units have a spacer at that position. Further studies are needed to elucidate the sequence of the processing events. There are no detectable No spacer analogous to the 28 nucleotide sequence 1n Drosophila has been found 1n either the X. laevis or _N. crassa (41, 3) sequenced rONA genes coding for 5.8S rRNA. We hypothesize, therefore, that the spacer sequence was Inserted Into the 5.8S rDNA gene of Drosophila at a time following the divergence of the vertebrates and invertebrates. A pre-existing enzymatic mechanism was able to excise the spacer, producing 5.8S molecules similar 1n structure to those of other species, but missing an apparently non-functional loop. Alternatively, the spacer may have existed 1n ancestral sequences and was eliminated during evolution from those species studied so far, but not from Drosophila. Therefore, both the spacer and the enzymatic mechanism for Its removal were maintained 1n Drosophila. Further studies of Invertebrate ribosomal RNA genes are needed to distinguish between these alternatives. A simple first approach for screening many different species 1s to detect the size of their 5.8S rRNA. Since other species may have a 5.8S molecule 1n two pieces (11), we propose that these two pieces be named 5.8Sa for the 5 r part (which we name m5.8S 1n this paper) and 5.8Sb for the 3' part (which 1s the 2S molecule), 1n
accordance with the terminology used for the two pieces of the 26S rRNA molecule.
A preliminary account of this work has been presented at the Xlth Miami
Winter Symposium.
Abbreviations used: Py, pyr1m1d1ne; BPB, bromophenol blue; XC, xylene cyanol.
